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Abstract

:

In this study, lignin with fine structures and facile enzymatic saccharifying residue were successively dissociated based on the lignin-first biomass deconstruction strategy. In the lignin-first process, aldehyde-protected lignin fractions were firstly isolated by acid-catalyzed dioxane extraction in the presence of formaldehyde (FA) and acetaldehyde (AA) and then analyzed by advanced nuclear magnetic resonance (NMR) spectroscopy and gel permeation chromatography (GPC). The optimized hydrogenolysis of the extracted lignin (LFA and LAA) resulted in a high yield (42.57% and 33.00%) of lignin monomers with high product selectivity (mainly 2,6-dimethoxy-4-propylphenol) (39.93% and 46.61%). Moreover, the cellulose-rich residues were saccharified into fermentable glucose for bioethanol production. The glucose yield of the substrate (RAA) reached to 75.12%, which was significantly higher than that (15.4%) of the substrate (RFA). In short, the lignin-first biomass deconstruction by adding AA is a promising and sustainable process for producing value-added products (energy and fine chemicals) from lignocellulosic biomass.
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1. Introduction


The value-added application of lignocellulosic biomass has become a research hotspot in response to all kinds of drivers, such as environmental friendliness [1], sustainable biofuel production [2], and bio-based chemicals [3]. Until now, the main objective of traditional lignocellulosic biorefinery was to obtain valuable products from the carbohydrate fractions (cellulose and hemicelluloses) [4], which have been extensively applied in various fields, including chemicals [5], fuels (bioethanol) [6,7], and materials [2]. Lignin, the most abundant aromatic polymer on earth, is the main component of biomass. However, the complex structure of lignin is a major impediment to the valorization of lignocellulose in various processes [8]. Due to the complex structures of lignin polymers from different industrial processes, the characterization of lignin fractions is highly needed prior to developing value-added chemicals and materials [9]. For example, hydroxycinnamic acid (p-coumaric acid and ferulic acid) substructures in gramineous lignin can be easily transformed into vinyl phenolics (4-vinylphenol and 4-vinylguaiacol) though fast pyrolysis [10,11,12,13].



In general, lignin is comprised of three phenylpropanoid structural units, namely p-hydroxyphenyl (H), guaiacyl (G), and sinapyl (S) units, which form aryl ether (C–O) bonds and carbon–carbon (C–C) bonds by free radical coupling reactions [14]. Among these, β-O-4 ether linkages are the richest in native lignin from different feedstocks [15]. In addition, lignin-derived monomers obtained from lignin macromolecules with specific structures can be further converted into renewable energy and aromatic chemicals [16]. However, it remains a challenge to obtain both high yields of lignin monomers and fermentable glucose from lignocellulosic biomass. Although many researches are focused on lignin depolymerization, they still fail to transform the isolated lignin polymers into lignin monomes in large-scale [17]. In fact, the low yields of monomers from lignin after the hydrogenolysis process not only depend on the hydrogenolysis methods (catalytic system and conditions), but also rely on the chemical structures of the starting lignin [17].



Recently, preventing the formation of reactive intermediates during the pretreatment process has been a general trend to obtain lignin with a high preservation of β-O-4 linkages for promoting lignin monomer production with high yields [18]. Nevertheless, high-preserved β-O-4 linkages do not always guarantee the generation of a high yield of monomers, because some moieties with β-O-4 bonds are also linked to other moieties through carbon–carbon (C–C) bonds [19]. The C–C bonds, presented in native lignin or formed during lignin extraction, play an important role in the releasing of monomers. If native lignin in wood is directly degraded, new C–C linkage generated by the isolation of lignin would be suppressed, and about 45%–50% of monomers could be obtained [20]. Meanwhile, the carbohydrate fractions of biomass would be affected by catalysts during native lignin degradation. Therefore, removing lignin at the beginning of the biorefinery process is not only a usually applied strategy to facilitate carbohydrate valorization, but also an integrated process for the utilization of fermentable glucose and lignin simultaneously [21]. However, the new C–C bonds would emerge during the process of separating these components, which has an inhibiting effect on depolymerizing under hydrogenolysis conditions due to the higher bond dissociation energies [22,23,24]. Compared with the traditional biorefinery process, the recent lignin-first biomass fractionation processes seem to be more promising and charming [4,25], which not only prohibit lignin condensation, but also do not compromise the structural integrity of the carbohydrates, thereby implementing the active stabilization of strategies [4]. For example, Shuai et al. proposed a novel biomass fractionation strategy that fits well in the lignin-first strategy [25]. Essentially, it aims to stabilize reactive benzylic cations with formaldehyde by forming a 1,3-dioxane structure with the α- and γ-hydroxyl groups on lignin side chains to preserve these indispensable ether linkages during lignin extraction [25]. Subsequently, a recent study focusing on stabilizing the α, γ-diol of lignin with acetaldehyde and propionaldehyde verified that the product selectivity of lignin monomers could significantly increase [26]. Indeed, the protection of β-O-4 linkages during lignin isolation processes can simultaneously minimize the condensation of lignin, which is beneficial to the production of lignin monomers with high yields [25,26,27]. However, considering the integrated biorefinery process for lignin monomers and glucose, the optimal condition for the process should be balanced along with environmental sustainability, operability, and target production. Therefore, the “lignin-first” strategy was designed to achieve the lignin valorization on the forefront of the biorefinery, followed by the utilization of carbohydrates.



Based on the above-mentioned investigations, this study mainly focuses on producing a high yield of lignin monomers and glucose, which are the basic building blocks for energy and chemicals under the current biorefinery scenario. In this study, the stabilized lignin samples are isolated from poplar wood (40–60 meshed and ball-milled poplar wood) based on different stabilization strategies (formaldehyde and acetaldehyde). The structural characteristics and the catalytic hydrogenolysis of lignin polymers obtained after different stabilization strategies as well as the enzymatic saccharification of the cellulose-rich residues are performed to evaluate the effects of different stabilization strategies on the production of high-value products. It is believed that the process based on the aldehydes-aided lignin-first deconstruction strategy can facilitate the production of fuels and chemicals from the lignocelluloses.




2. Materials and Methods


2.1. Materials


Poplar wood (triploid of Populus tomentosa Carr., 5 years old) was collected from Guanxian County (Shandong, China) in March, 2015, and the chemical compositions of the poplar wood were listed as follows: cellulose (45.82%, mainly glucan), hemicelluloses (21.06%, including 0.50% rhamnan, 0.28% arabinan, 0.72% galactan, 16.7% xylan, 1.99% mannan, and 0.87% uronic acid), and lignin (22.78%, 21.80% Klason lignin, and 0.98% acid-soluble lignin), as previously [28]. Before cutting into tiny pieces and grinding to pass a 40–60 mesh sieve, it was necessary to remove the bark and dry the trunk. All the extractives were extracted with benzene/ethanol (2:1, v/v) for 6 h. The dewaxed samples were air-dried at 60 °C for 16 h and stored at 5 °C before use. A part of the dewaxed poplar wood (about 20 g) was ball-milled with a planetary ball mill (Fritsch GmbH, P6, Germany) according to the description in a previous publication [29]. Information about used chemicals and solvents are presented in the supplementary material.




2.2. Lignin-first Deconstruction of Poplar Wood


In a 100 mL glass round-bottom flask, 40–60 meshed/ball-milled poplar samples (5 g) were mixed with 45 mL of 1,4-dioxane, 2.1 mL of HCl solution (37%), and 5 mL of formaldehyde (FA, 37.0%) or acetaldehyde (AA, ≥40.0%) solution. In the control experiment, 3.45 mL of water was added instead of FA and AA. The process was performed in water baths at the setting conditions (80 °C, 450 rpm), maintained for the targeted reaction time of 5 h. After the set reaction, the mixture was centrifuged and washed to separate the different residues (RFA, RAA, RControl, RBM-FA, LBM-AA, and RBM-Control) and filtrates. The concentrated filtrate (rotary evaporators, 50 °C) was slowly dropped into 10 volumes of pH = 2.0 acidic water to precipitate lignin under stirring at 600 rpm, then the obtained lignin was centrifuged, freeze-dried, and labeled as L40–60 (LControl, LFA, and LAA) and LBM (LBM-Control, LBM-FA, and LBM-AA), respectively.




2.3. The production of Lignin Monomers via Hydrogenolysis


All the lignin monomers were obtained by the hydrogenolysis of the extracted lignin in a 100 mL of high-pressure reactor (Beijing Century Sen-Long Instruments Company, Beijing, China). Meanwhile, the usage of organic solvents can prevent char formation [30]. To optimize the solvent system, FA-stabilized lignin (LFA) was selected to hydrogenolysis under frequently used solvents (THF/MeOH/dioxane). Typically, 200 mg LFA was added into the reactor along with 40 mL THF/MeOH/dioxane as the solvent and 20 mg 5 wt% Ru/C as the catalyst, and filled with 4 MPa of H2. The reactor was heated to the setting temperature (250 °C) under stirring at 500 rpm, and the reaction was held at this condition for 8 h. After the hydrogenolysis, the reactor was quenched by opening the built-in cooling coils inside the reactor. The catalyst could be completely isolated by filtration, and the filtrate as degradation products was filtrated with an organic strainer to be analyzed by gas chromatography- mass spectrometry (GC-MS), except for the resulting liquid obtained by dioxane. The solvent (dioxane) was removed by rotary evaporation at 50 °C and replaced by 40 mL THF prior to being analyzed by the GC-MS technique. To optimize the starting lignin feedstock, the hydrogenolysis degradation was performed on LAA and LControl. Typically, 200 mg of lignin was mixed with 40 mL of THF and 20 mg of 5 wt% Ru/C, and the experiment condition was the same as mentioned above.




2.4. Enzymatic Hydrolysis of the Cellulose-rich Residues


To evaluate the performance of the lignin-first extraction process on the digestibility of the remaining substrates (i.e., carbohydrates), the cellulose-rich residues of 40–60 mesh samples, named as RControl, RFA, and RAA, were conducted with enzymatic digestion. Prior to enzymatic hydrolysis, the possible structural changes of the cellulose surface were removed by an aqueous dilute acid (1% H2SO4) at a mild temperature (120 °C) for 2 h. The residues after dilute acid treatment were named as RH-FA and RH-AA. The residues with and without dilute acid treatment were separately dispersed in sodium acetate buffer (50 mM, pH 4.8) with a 2% substrate concentration. Cellulase (Cellic@ CTec2, 100 FPU/g) was added into the suspension with a loading of 15 FPU/g substrates, prior to incubating in a shaker (150 rpm) (DZH-2102, Jinghong, Shanghai, China) at 50 °C for 48 h. During the process, the hydrolysates were termly sampled (24 and 48 h) and analyzed by High Performance Anion Exchange Chromatography (HPAEC, Dionex, ICS 5000, USA), and the detailed method is shown in the supporting information. The enzymatic hydrolysis was performed in duplicate.




2.5. Characterization of the Lignin Samples


The molecular weight (Mw and Mn) and the polydispersity index (Mw/Mn) of the stabilized lignin samples isolated from poplar wood (40–60 meshed and ball-milled poplar wood) based on different stabilization strategies (formaldehyde and acetaldehyde) were detected by gel permeation chromatography (GPC, Agilent 1200, USA) with a PL-gel 10 mm Mixed-B, 7.5 mm identity column, and an ultraviolet detector (UV, 240 nm), which were calibrated with PL polystyrene standards with molecular weights of 1390, 4830, 9970, 29,150 and 69,650 g/mol. Generally, 2 mg lignin was completely dissolved in 1 mL tetrahydrofuran (THF) and then filtered through a 0.22 µm organic filter (Jinteng, Tianjin; diameter, 13 mm; aperture pore, 0.22 µm; texture, Polytetrafluoroethylene (PTFE)). The column was operated at ambient temperature and eluted with THF at a flow rate of 1 mL/min.



The crystallinity index (CrI) of raw wood fibers and cellulose-rich residues was determined with an X-ray diffractometer. The Segal method was adopted to calculate the results [31]. The equation is as follows:


  C r I  ( % )  =  (    I 002 − I a m   I 002    )  × 100  








where I002 is the intensity of the (002) lattice diffraction at 2θ and approximately equals 22°, which represents the diffraction intensity of the crystallizing area, and Iam is the peak intensity of the amorphous area in cellulose at 2 θ closing to 16°.



The chemical composition ratio and distribution of linkages in the stabilized lignin samples were quantified by heteronuclear single quantum coherence (2D-HSQC) with 50 mg lignin dissolved in 0.5 mL DMSO-d6 [28]. The parameters of the 2D-HSQC sequence were used as follows: the pulse angle (30°), delay time (2 s), and number of scans (64). Functional groups of the lignin samples were determined by phosphorus spectrum nuclear magnetic resonance (31P-NMR spectra) according to some previous publications [32,33].




2.6. Analysis of Lignin Monomers


The monomers obtained from the stabilized lignin preparations under different catalytic conditions were detected and analyzed by the GC-MS technique. In detail, the resulting liquid (Section 2.3) was filtrated with an organic strainer and then sampled for monomer analysis. The liquid was analyzed with GC-MS (Shimadzu GCMS-QP2010SE) equipped with an SH-Rxi-5SilMS (30 m length × 250 μm I.D. × 0.25 μm film thickness, Shimadzu) capillary column in GC, a secondary electron multiplier tube, and a high-precision metal quadrupole rod in MS. The injection temperature was 250 °C. The column temperature program was: 50 °C (3 min), 3 °C/min to 230 °C, and 10 °C/min to 280 °C (3 min). The standard sample of monomers was dissolved with the same solvent at a different concentration, analyzed by GC-MS at the uniform condition to obtain the standard curve as previously [34]. Finally, the yields of monomers were calculated based on the standard curve.





3. Results and Discussion


In general, the direct catalytic degradation of native lignin in lignocellulose resulted in a high yield of lignin monomers [20,35]. However, the subsequent conversion of the substrate after lignin-first biomass fractionation has only been reported occasionally. The question of how to achieve the value-added applications of the cellulose-rich substrate after catalytic depolymerization became a new issue in this aspect [25]. Generally, β-O-4 linkage of lignin is a key to achieve monomer production during the degradation process [25,36]. In the first step of the present study, the aldehydes-stabilized lignin fractions were prepared and the detailed structural characteristics of the lignin were investigated. The better understanding of the molecular structures of lignin isolated during the lignin-first biomass fractionation will be beneficial for revealing the effects of different protection strategies on the production of lignin monomers and glucose for energy production.



3.1. Structural Characteristics of the Control and Stabilized Lignin


The detailed extraction conditions and characteristics of the aldehydes-stabilized lignin samples obtained from different conditions are shown in Table 1. After the different pretreatment conditions, it was observed that the yield of lignin fractions was ranged from 65.7% to 86.5%, which had been corrected to exclude the impact of the attached aldehydes according to a previous report [37]. In detail, the LControl (entry 1) obtained from 40–60 meshed poplar wood without the addition of aldehydes exhibited the lowest lignin yield (65.7%). However, the lignin yields were increased to 68.0% and 85.1% based on the total content of lignin in 40–60 meshed poplar wood when the formaldehyde and acetaldehyde, respectively, served as protective agents. Alternatively, when 40–60 meshed poplar wood was substituted by ball-milled poplar wood, the corresponding extracting yields of LBM (LBM-Control, LBM-FA, and LBM-AA) were increased to 78.0%, 82.5%, and 86.5%, respectively. As compared to the yield of L40–60, the increased yield of LBM was directly attributed to the high-contact area and high permeability of ball-milled polar wood powder with an extracting solvent. However, a high lignin yield does not ensure a high yield of lignin monomer products in the subsequent catalytic degradation of lignin, since structural features and the modification of the isolated lignin play a vital role in the catalytic degradation of lignin. In fact, the structural features of lignin are not only related to the biomass species and extracting method, but also affect the distribution and yields of lignin monomer products, based on a previous report [17].



Usually, it is expected that lignin with high β-O-4 contents can facilitate the subsequent depolymerization and upgrading of the lignin [38]. 2D-HSQC spectra of these lignin samples were performed to identify the detailed lignin structures, such as the S/G ratio, the abundances of different linkages, and so on. The correlated signals in the 2D-HSQC spectra of L40–60 and LBM were assigned in supplementary materials-Table S1 based on recent publications [25,39]. For the control lignin fractions (LControl and LBM-Control), the corresponding lignin linkages and chemical compositions are shown in Figure 1 and Figure 2. The signal of Cγ-Hγ in β-O-4 substructures (Aγ) was observable at δC/δH 59.5/3.70 and 3.56. The Cα–Hα correlation in the β-O-4 substructures (Aα) was visible at δC/δH 71.7/4.85. Meanwhile, a signal located at δC/δH 64.1/4.47 was attributed to the Cγ-Hγ in γ-acylated β-O-4 substructures (A′γ) by a p-hydroxybenzoic acid (PB) unit, which is a special structural unit in poplar wood [40].



The Cβ–Hβ correlations were observed at δC/δH 83.5/4.41 and 86.0/4.12 for β-O-4 substructures linked to the G and S units, respectively. However, the 2D-HSQC spectra of the lignin obtained in the presence of FA or AA presented a different chemical shift for all the C-H correlations of β-O-4 linkage in lignin, which is in consensus with a previous report [25]. In detail, the 2D-HSQC spectra showed that the signals located at δC/δH 68.2/3.99 and 68.2/3.67 were assigned to the Cγ-Hγ in shifted β-O-4 substructures (A′′γ). The A′′α and A′′β in the 2D-HSQC spectra of LFA and LAA were respectively shifted to δC/δH 73.4/4.24 and 81.7/4.48. As compared to the spectrum of LFA, the spectrum of LAA presented normal signals for Aα and Aβ(G), which were located at δC/δH 71.7/4.85 and 83.5/4.41, respectively. The appearance of these signals implied that the protecting reaction of lignin with AA was incomplete. Other frequent substructures, such as -OCH3, β-β, S, G, and PB, were also observed in the spectra of LControl, LFA, and LAA, based on a recent paper [28]. In short, the shifted signals were noticeable in the spectra of lignin extracted with the addition of FA and AA, suggesting that the formation of the ring structure (shown in supplementary materials-Figure S1) occurred during the lignin isolation process. Furthermore, the lignin (LBM-Control, LBM-FA, and LBM-AA) extracted from ball-milled poplar wood displayed similar structural characteristics with LControl, LFA, and LAA. The quantification of 2D-HSQC spectra of lignin preparations by signal integral was performed based on the computing method described in a previous publication [41] and the quantitative information on the structures of lignin are shown in Table 2. The S/G ratio of lignin can evaluate the chemical changes involved in the delignification process. In the present study, the S/G ratios of LControl and LBM-Control were 11.55 and 11.11, which were obviously higher than that (3.25) of the corresponding double enzymatic lignin (DEL), as previously reported [28], suggesting that the possible degradation of G units occurred during the acidic extracting process without protection from aldehydes. However, the S/G ratios of LFA and LBM-FA were 2.49 and 2.79, respectively, which was close to that of the corresponding DEL.



As the most abundant linkage in the lignin, the content of β-O-4 linkage in lignin is positively correlated to the yield of lignin monomers [36]. In this study, compared with LFA, LAA contained fewer β-O-4 linkages, and the β-O-4 linkages were presented in the form of normal and shifted substructures (labeled as β-O-4′ and β-O-4″), revealing that the protection induced by acetaldehyde was weaker than that of formaldehyde, that is only a part of the lignin fraction formed ring structures with acetaldehyde. Compared with the content of β-β in LControl (4.50/100 Ar), the corresponding contents in LFA (16.46/100 Ar) and LAA (5.46/100 Ar) were apparently higher, due to the aldehyde protection, especially for formaldehyde. For the pendent unit, the contents of PB units in LFA (13.99/100 Ar) and LAA (11.52/100 Ar) were lower than that of LControl (14.51/100 Ar), implying that the aldehydes-aided lignin extraction process led to some cleavage of these units. Nevertheless, the content of PB in LBM was lower than those of corresponding L40–60, which was probably ascribed to the effect of the ball-milled process during the preparation of ball-milled poplar wood. In the view of energy consumption and structural changes, the lignin extracted from 40–60 meshed poplar wood was used as starting feedstock for further catalytic depolymerization.



Quantitative 31P-NMR techniques can evaluate the functional groups of these lignin samples. In this study, the lignin samples obtained from 40–60 meshed poplar wood were detected by 31P-NMR and the corresponding spectra and quantitative data are shown in Figure 3 and Table 3. In detail, the contents of aliphatic OH groups in LFA, LAA, and LControl were, respectively, 1.14, 1.75, and 2.60 mmol/g, suggesting that the aliphatic OH groups of lignin were occupied by aldehydes to some degree during lignin extraction processes. Especially, it was found that the LFA contained the fewest aliphatic OH groups (1.14 mmol/g), which testified that the effect of substitution and protection can be maximized by FA. Additionally, the carbohydrates in the lignin also contributed the aliphatic OH groups in the lignin. Meanwhile, compared with LControl and LAA, LFA had fewer S- and G-type OH groups, indicating that the lignin LFA contained more content of β-O-4 linkages, thus the S- and G-type phenolic OH groups cannot be detected. Moreover, the condensed guaiacyl units can be observed in all the lignin samples. The addition of aldehydes can prevent the guaiacyl units in lignin from forming condensation under the acidic condition. For the H-type phenolic OH group, it mainly originated from p-hydroxybenzoate (PB) substructures. In short, the lignin preparations (LFA and LAA) were optimal lignin feedstock for further catalyzed degradation.



GPC analysis was performed to estimate the molecular weights of lignin obtained from different extracting conditions and the results are shown in Table 1. The molecular weight of LBM samples exhibited an analogical tendency with those of L40–60 preparations. For the lignin obtained from 40–60 meshed poplar wood, the Mw of LFA (6580 g/mol) and LAA (4490 g/mol) were significantly higher than that of LControl (1540 g/mol), implying that aldehydes protected the linkages from cleaving during dioxane extraction under acidic condition, which can also be further verified by the corresponding 2D-HSQC NMR spectra. Meanwhile, the Mw of LFA was significantly higher than that of LAA, which was likely related to the relatively high content of the β-O-4 linkage as a result of the better protection of formaldehyde. In addition, the modification of lignin with FA or AA also increased the Mw, and the degree of modification with formaldehyde was higher. L40–60 and the corresponding LBM fractions showed a similar Mw, Mn, and Mw/Mn, except for the control samples (LControl and LBM-Control). The LBM-Control possessed a higher molecular weight of 3160 g/mol as compared to that of LControl (1540 g/mol), which was attributed to the fact that ball-milled pretreatment facilitated the lignin isolation under the acidic condition. Meanwhile, the polydispersity index (PDI, Mw/Mn) of LBM-Control was 1.82, which was lower than that of LControl (2.05), implying that LBM-Control preparation was more homogeneous than that of LControl.




3.2. Hydrogenolysis of the Extracted Lignin Feedstock


To understand the effects of the lignin structure and catalytic degradation system on the hydrogenolysis reactions of lignin, the types and content of the degraded products of LControl, LFA, and LAA under the given conditions were analyzed by the GC-MS technique. Figure 4 and supplementary materials-Figure S2 show the detailed degraded monomers and the distribution GC-MS spectra of the degraded lignin products. It was observed that all the degraded monomers belonged to G- and S-type aromatic monomers and the product selectivity was acceptable in all the experiments, especially for the degraded lignin monomers that originated from LFA with the THF and MeOH degradation systems. As shown in Figure 5, 2,6-dimethoxy-4-propylphenol (component 6, dark blue) and 3-(4-hydroxy-3,5- dimethoxy-phenyl)-propionaldehyde (component 7, purple) were the main compounds of hydrogenolysis in all the experiments, and other minor aromatic monomers were also found and marked with diverse colors. Based on the main components of the degraded products, it can be concluded that the catalytic degradation systems showed excellent selectivity for degraded products and a low ring-hydrogenation activity. In the present study, the lignin monomers in the organic phase were identified via GC-MS and the quantification was determined by authentic samples. The hydrogenolysis of different lignin preparations (LControl, LFA, and LAA) under the same condition generated several lignin monomers, with a combined yield of 16.55 to 42.57 wt% (see supplementary materials-Table S2). It was found that the LFA degraded in THF presented the highest monomer yield, which agrees with a recent study [25]. However, when the solvent of THF was substituted by MeOH and dioxane, the total yield of monomers decreased from 42.57% to 33.07% and 26.58 wt%, respectively.



The highest yield of monomers in THF was probably ascribed to many factors, such as the dissolution of lignin, polar, and the pH value of the solvent applied [42]. However, when the hydrogenolysis of lignin (LFA, LAA, and LControl) was performed in THF under the same condition (entries B, C, and A), the total yield of monomers was 42.57%, 33.00%, and 16.55%, respectively. These results indicated that the addition of aldehyde remarkably facilitated the subsequent hydrogenolysis of the extracted lignin, especially for LFA. In fact, the sufficient reaction between formaldehyde and lignin generated the lignin with a non-condensed structure, and was also beneficial to the downstream catalytic degradation process [25]. In addition to the total yield of all the monomers, the selectivity of the main monomers is another factor that needs to be considered. In this study, the content of the main monomers (6 and 7) varied with different experimental entries (Table S2). For example, the selectivity of component 6 was 39.93%, based on the total yield of degraded monomers in entry B (LFA in THF), while the value was decreased to 32.69% in entry D. By contrast, the selectivity of component 6 was 46.61% in entry C (LAA in THF). This fact indicated that not only the degradation system but also the lignin feedstock affected the yields and selectivity of aromatic monomers. In short, a more detailed monomer distribution, such as retention time in GC-MS, compounds, and corresponding structures for all experiments is presented in supplementary materials-Table S3.



The monomer products disassembled from lignin were promising chemicals and fuel components. More importantly, some of them could not be easily synthesized. Firstly, the aromatic monomer could be utilized as platform chemicals. Secondly, the lignin monomers could be further converted to aniline derivatives via dehydrogenation and amination reactions, which are chemicals suited for accomplishing transformations toward value-added products [43]. Finally, these monomers could be applied as polymer building blocks, such as epoxy thermosets, polycarbonates, cyanate ester resins, and emerging diverse bio-based polymers [44]. Of course, further applications of these degradation products are currently being investigated.




3.3. Enzymatic Hydrolysis of the Substrates after Lignin-first Deconstruction Strategy


Recent studies have demonstrated that ideal pretreatment should maximize the lignin removal or delocalization and minimize polysaccharide modification [45,46]. In this study, the lignin-first biomass fractionation was applied to protectively extract lignin and overcome biomass recalcitrance to release glucose by enzymatic hydrolysis. In addition to the content and structure of lignin and carbohydrates, the crystallinity index was also used to evaluate the existing form of cellulose in the substrates, although the crystallinity index (CrI) was not an important factor contributing to subsequent enzymatic digestibility as generally believed [47]. In this study, the CrI (supplementary materials-Figure S3) of the different substrates showed that the raw material had the highest CrI, while the CrI of the substrates after lignin-first biomass fractionation decreased to different extents. This further suggested that the crystalline cellulose was depolymerized under the acidic condition.



Regarding the conversion rate of cellulose into glucose in the substrates, as shown in Figure 6, the yield of glucose reached up to 61.40% for the control sample (RControl). The highest yield of glucose (85.14%) was obtained from the enzymatic hydrolysis of RH-AA, which represented the substrate that underwent further dilute acid treatment. By contrast, although the FA-treated substrates removed grafted FA on the surface with 1 wt% H2SO4, the final yield of glucose from RFA was only increased from 15.40% to 30.38% in RH-FA, which was still significantly lower than that of AA-treated substrates (RH-AA and RAA) in this study. Generally, the substrate with a high delignification ratio had a high enzymatic hydrolysis of cellulose. A recent report has also demonstrated that the glucose yield of RFA obviously increased after the treatment with the dilute acid solution [25]. However, even if no dilute acid treatment was applied to the AA-treated substrate in this study, its glucose yield also reached up to 75.12%. Our results are in agreement with the results presented in a recently published article regarding the “protective” extraction of lignin and hydrogenolysis, in which the recovery yield of polysaccharides (glucan and xylan) was more than 75% [26]. Considering the yield of lignin monomers and glucose, it was concluded that the lignin-first deconstruction strategy with the addition of AA could facilitate the production of lignin monomers with a higher yield and selectivity as well as a high yield of glucose.




3.4. A Proposed Biorefinery Scheme Focused on the Production of Lignin Monomer and Glucose


In the present study, the lignin-first biomass deconstruction and upgrading process could be easily integrated into the current biorefinery paradigm. However, compared with FA, AA is a more promising chemical due to the following reasons. Firstly, AA is a more environmentally friendly reagent than FA. Secondly, an AA-treated substrate is more prone to be degraded by enzymatic hydrolysis as compared to an FA-treated substrate. Thirdly, although the yield of lignin monomers from LAA (33.00%) is lower than that of LFA (42.57%), the selectivity of the leading lignin monomer (component 6) from LAA in the THF solution is higher (46.61%) than that (39.93%) of LFA. Considering the high cost ($46,260/g, standard sample, from Shanghai Fusheng Industrial Co. LTD, http://www.affandi-e.com/) of the main degraded component 2,6-dimethoxy-4-propylphenol (component 6), the high yield (15.38%, SI) and glucose will maximize the valorization of the biomass. It should be noted that the reagent and solvents used in the study can be recycled, which can obviously reduce the cost of pretreatment. In short, considering the value of the final products, environmental benefits, and dilute acid treatment, the AA-aided biorefinery scheme without ultimate acid treatment would be optimal to produce lignin monomers and glucose for bioethanol production in the current bio-based chemicals and energy production.





4. Conclusions


With the addition of a protective agent, the lignin-first biomass deconstruction strategy yielded easily degradable lignin fractions with uncondensed and stable structures and digestible cellulose, facilitating the conversion of lignin and carbohydrates into lignocelluloses. Under the optimized condition (in the presence of acetaldehyde, AA), the relatively high yields of lignin monomers (33.00%) and glucose (75.12%) were obtained. Additionally, the selectivity (46.61%) of lignin monomer (2,6-dimethoxy-4-propylphenol) from LAA was higher than that (39.93%) of LFA. In short, the AA-aided lignin-first biomass deconstruction is beneficial for promoting the production of lignin monomer and fermentable glucose in an efficient approach, and for providing an alternative route to support sustainable energy and chemical production.
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Figure 1. 2D-HSQC spectra of the lignin obtained from 40–60 meshed poplar wood and the main substructures. LControl represents the lignin extracted from an acid solvent without the addition of aldehyde; LFA represents the lignin extracted with the presence of FA; LAA represents the lignin extracted with the presence of AA. 
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Figure 2. 2D-HSQC spectra of the lignin obtained from ball-milled poplar wood. LBM-Control represents the lignin extracted from an acid solvent without the addition of aldehyde; LBM-FA represents the lignin extracted with the presence of FA; LBM-AA represents the lignin extracted with the presence of AA. 
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Figure 3. 31P-NMR spectra of the lignin polymers obtained by different conditions. All the lignin samples were obtained from 40–60 meshed poplar wood and extracted under conditions without aldehyde, with FA, and with AA. 
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Figure 4. GC-MS chromatogram of the lignin monomers obtained from the degradation of different lignin samples and solvent systems. (A) LControl degraded in THF as the solvent system. (B) LFA degraded in THF as the solvent system. (C) LAA degraded in THF as the solvent system. (D) LFA degraded in MeOH as the solvent system. (E) LFA degraded in dioxane as the solvent system. 
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Figure 5. Production of lignin monomers obtained from different lignin samples and solvent systems. Y: Lignin monomer yields from 40–60 meshed poplar wood. X: (A) LControl degraded in THF as the solvent system. (B) LFA degraded in THF as the solvent system. (C) LAA degraded in THF as the solvent system. (D) LFA degraded in MeOH as the solvent system. (E) LFA degraded in dioxane as the solvent system. 
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Figure 6. The glucose yield of the substrates after lignin extraction. (H-FA and H-AA were treated by additional acid: 120 °C, 2 h, 1 wt% H2SO4 solution; liquid/solid: 10:1 v/w; enzymatic hydrolysis conditions: concentration of substrate: 5%; 50 °C; 250 rpm; and enzyme (Novozymes Cellic® ctec2) loading of 15 FPU/g substrates). 
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Table 1. The characteristics of lignin fractions obtained under different conditions.
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Entry

	
1

	
2

	
3

	
4

	
5

	
6




	

	
Lignin

(L40–60, LBM)

	
L40–60 a

	
LBM a




	
LControlb

	
LFAb

	
LAAb

	
LBM-Controlb

	
LBM-FAb

	
LBM-AAb






	

	
Yieldc/%

	
65.7

	
68.0

	
85.1

	
78.0

	
82.5

	
86.5




	
Characteristicsd

	
Mw (g/mol)

	
1540

	
6580

	
4490

	
3160

	
6440

	
4840




	
Mn (g/mol)

	
750

	
2590

	
2100

	
1740

	
2540

	
2160




	
Mw/Mn

	
2.05

	
2.54

	
2.14

	
1.82

	
2.54

	
2.24








a L40–60, lignin obtained from 40–60 meshed poplar wood; LBM, lignin obtained from ball-milled poplar wood; b LControl, lignin extracted from 40–60 meshed poplar wood without the addition of aldehydes; LFA, lignin extracted from 40–60 meshed poplar wood with the presence of FA; LAA, lignin extracted from 40–60 meshed poplar wood with the presence of AA, the same as LBM-Control, LBM-FA, and LBM-AA, except for the raw material (ball-milled poplar wood); c Yield, based on the total lignin of poplar wood (corrected yield); d The GPC detection was performed in duplicate and the data reported were the average values.
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Table 2. Quantitative information on the structures of lignin from the 2D-HSQC spectra.
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Samples

	
PB2,6

	
S/G

	
β-β

	
β-O-4




	
β-O-4′b

	
β-O-4”c






	
LControl

	
14.51

	
11.55

	
4.50

	
11.18

	
Tr




	
LFA

	
13.99

	
2.49

	
16.46

	
Tra

	
89.73




	
LAA

	
11.52

	
5.62

	
5.46

	
9.98

	
30.26




	
LBM-Control

	
13.19

	
11.11

	
3.96

	
10.88

	
Tr




	
LBM-FA

	
10.53

	
2.79

	
0.96

	
4.52

	
76.49




	
LBM-AA

	
9.36

	
4.81

	
3.34

	
1.66

	
58.82








a Tr, Trace; b β-O-4′, β-O-4 substructures in α-position; β-O-4”, c the shifted β-O-4 substructures in α-position.
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Table 3. Quantification of different OH groups in the lignin fractions by 31P-NMR (mmol/g).
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Samples

	
Aliphatic OH

	
Syringyl OH

	
Guaiacyl OH

	
H-OH

(PB and/or H)

	
Carboxylic group




	
Ca

	
NCb






	
LControl

	
2.60

	
1.15

	
0.14

	
0.49

	
0.40

	
0.19




	
LFA

	
1.14

	
0.61

	
0.05

	
0.20

	
0.30

	
0.14




	
LAA

	
1.75

	
0.78

	
0.10

	
0.41

	
0.30

	
0.19








a Condensed units; b Non-condensed units. 
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